Human T-lymphotropic virus type-1 (HTLV-1), the first human retrovirus discovered, is the causative agent of adult T-cell leukemia/lymphoma (ATL) and a number of lymphocyte-mediated inflammatory conditions including HTLV-1-associated myelopathy/tropical spastic paraparesis. Development of animal models to study the pathogenesis of HTLV-1-associated diseases has been problematic. Mechanisms of early infection and cell-to-cell transmission can be studied in rabbits and nonhuman primates, but lesion development and reagents are limited in these species. The mouse provides a cost-effective, highly reproducible model in which to study factors related to lymphoma development and the preclinical efficacy of potential therapies against ATL. The ability to manipulate transgenic mice has provided important insight into viral genes responsible for lymphocyte transformation. Expansion of various strains of immunodeficient mice has accelerated the testing of drugs and targeted therapy against ATL. This review compares various mouse models to illustrate recent advances in the understanding of HTLV-1-associated ATL development and how improvements in these models are critical to the future development of targeted therapies against this aggressive T-cell lymphoma.
Human T-lymphotropic virus type-1 (HTLV-1) is a member of the deltaretroviridae, a family of retroviruses that includes both simian T-lymphotropic virus and bovine leukemia virus. 51 These virus genera share common mechanisms of replication, transmission, and pathogenic mechanisms of disease. Based on epidemiology studies it has been estimated that approximately 15 to 20 million HTLV-1 carriers exist throughout the world, with endemic foci in Japan, the Caribbean, and Africa. 16 HTLV-1 is spread through contact with bodily fluids containing infected cells, most often from mother to child through breast milk and parenterally via blood transfusion. After prolonged latency periods (as long as 60 years), approximately 5% of HTLV-1-infected individuals will develop either adult T-cell leukemia/lymphoma (ATL) or other lymphocytemediated disorders such as HTLV-1-associated myelopathy/ tropical spastic paraparesis (HAM/TSP) ( Table 1) . ATL is an aggressive T-cell malignancy with a poor prognosis and survival times typically less than 1 year. 105 HAM/TSP is a chronic inflammatory disease that results in progressive neurologic dysfunction and damage to the thoracic spinal cord. The factors favoring the development of ATL or HAM/TSP are not completely understood but have been linked to factors regarding host (eg, immune response) and virus (eg, viral load). 51 The route of exposure to the virus may influence the clinical outcome of HTLV-1 infection. Individuals subjected to mucosal exposure appear more likely to develop ATL, whereas blood-borne exposure favors the development of HAM/TSP. 89 The complex and prolonged pathogenesis of disease following HTLV-1 infection presents unique challenges to those seeking to develop animal models of HTLV-1-associated lesions or therapeutic interventions to prevent disease.
Adult T-Cell Leukemia/Lymphoma
Leukemia and lymphoma associated with HTLV-1 infection present in a variety of forms. The acute form of ATL is an aggressive T-cell malignancy characterized by several distinct clinical parameters including a leukemic phase of increased circulating CD4 þ CD25 þ T cells. 110 Patients with the acute form of ATL have a poor prognosis independent of therapy, with mean survival time of less than 1 year. 105 Adult T-cell leukemia/lymphoma was first described in 1977, following investigation of a unique geographic clustering of patients with particularly aggressive T-cell malignancies and common clinical presentations. 105, 119 The original series of patients had adult-onset disease, chronic leukemia with a rapidly fatal progressive course, lymphadenopathy, hepatosplenomegaly, neoplastic T cells with lobulated nuclei, and common geographic distribution. 105, 119 Cells from patients from these original cases were cultured with human umbilical cord lymphocytes, and cell lines MT-1, MT-2, and MT-4 were generated. 64 These cell lines were instrumental in the discovery of HTLV-1 and are still used in HTLV-1 research.
Current diagnostic criteria for ATL include the demonstration of a T-cell malignancy, HTLV-1 antibodies in the patient's sera, and demonstration of monoclonal integration of HTLV-1 provirus in the leukemic cells. 111 Since the original description of ATL, lymphoproliferative diseases associated with HTLV-1 infection have been classified into 4 clinical subtypes. The 2 most aggressive forms are the acute and lymphomatous forms. 122 These forms are characterized by humoral hypercalcemia of malignancy (HHM) with subsequent bone lysis, lymphadenopathy, and visceral and skin involvement. The lymphomatous form is distinguished by its normal peripheral white cell count, whereas in the acute form, ATL cells are found in the peripheral blood. The smoldering and chronic forms are the more indolent clinical subtypes. Criteria for diagnosing smoldering ATL include a normal leukocyte count, lack of hypercalcemia, and skin or lung involvement without evidence of other visceral disease. In patients with chronic ATL, the peripheral blood leukocyte count is typically elevated; these patients lack hypercalcemia but may have histologic evidence of involvement of the liver, spleen, or lungs. 103, 110 Human T-lymphotropic virus type 1 is a complex retrovirus that relies upon multiple gene products to accomplish replication and disease (Fig. 1 ). The molecular pathogenesis from HTLV-1 infection to ATL development has not been fully elucidated. The randomly integrated provirus persists for many years, and during this phase infected subjects typically remain asymptomatic. Effective replication of the virus relies on reverse transcription and clonal expansion of infected cells. 70 In addition, HTLV-1 encodes for a variety of nonstructural proteins that have been implicated in cell signaling, in transcriptional and posttranscriptional regulation of viral gene expression in vitro, and in viral replication in animal models. 3, 8, 33, 80 During the premalignant phase, 
Ocular lesions
In endemic regions with uveitis, keratoconjunctivitis sicca, and interstitial keratitis. Chronic course in children may result in retinal degeneration. Inflammatory arthropathy and polymyositis Japanese patients in regions endemic for HTLV-1 infection may present with chronic inflammatory arthropathy of leg and arm joints or polymyositis. Chronic polymyositis may be presented with neuropathy, joint swelling, chest pain, and dyspnea. Similar lesions have been reproduced in transgenic mouse and rat models. a ATL, adult T-cell leukemia/lymphoma; HAM/TSP, HTLV-1-associated myelopathy/tropical spastic paraparesis; HTLV-1, human T-lymphotropic virus type-1; IFN, interferon; IL, interleukin; LDH, lactate dehydrogenase; TNF, tumor necrosis factor there is a progression from polyclonal to monoclonal T cells in circulation. Monoclonal T-cell expansion is believed to be promoted by an increasing ability of malignant T cells to escape immune elimination and become less dependent on cell growth factors such as interleukin (IL)-2. Also during this phase, there is an accumulation of somatic mutations both within the provirus and within the flanking regions. Most often, the 5 0 portions of the virus are deleted or mutated, and functional infectious virions may not be produced. 70 Tax, in the initial phases of transformation, acts as a transcriptional transactivator and causes the simultaneous activation of multiple cellular pathways that disrupt the normal cell cycle and death pathways, leading to the transformation of the T cells. Transformed T cells eventually grow autonomously and the expression of Tax appears to be no longer required for maintenance of the malignancy. Recent evidence indicates that an antisense encoded gene product, HBZ, may have a role in long-term maintenance of HTLV-1-transformed cells. 4,60,100
Neurodegenerative and Other Diseases Associated with HTLV-1
The neurologic disease HAM/TSP is a degenerative neurologic condition first described by Gessain et al 22 and Osame et al. 90 The disease is characterized by lymphocytic meningitis with demyelination and degeneration of the spinal cord. It most commonly occurs in the lumbar spine in patients typically younger than those affected by ATL. 71 Transfusion with HTLV-1-contaminated blood has been associated with a more rapid onset of development of HAM/TSP versus ATL. 23, 88 The pathogenesis of HAM/TSP is thought to involve both molecular mimicry and autoantigens. 54, 55 A candidate autoantigen was identified from immunoglobulin G of HAM/TSP patients as the heterogeneous nuclear ribonuclear protein-A1 (hnRNP-A1). Cytotoxic T cells (CTLs) directed against HTLV-1 Tax are detectable in the blood and central nervous system of HAM/ TSP patients. 44 As the disease progresses, the composition of the inflammatory component of the spinal cord lesions progresses from CD4 þ , CD8 þ T cells, B cells, and macrophages to a lesion comprised predominantly of CD8 þ T cells. 120 
Animal Models of HTLV-1 Infection and Disease
Multiple animal models are available to study the infection and transmission of HTLV-1. 53 Rabbits, 2,52 some nonhuman primates, 72, 73 and rats 34, 107 can all be infected with HTLV-1 and have been used to monitor the virus spread, determine immune responses against the infection, and develop vaccines against the viral infection. These animal models of HTLV-1 infection or disease have been recently reviewed. 53 Rabbits can be consistently infected; however, they remain, in the majority of cases, asymptomatic. Early studies using the rabbit model of HTLV-1 provided important data on the number of cells capable of transmitting the virus infection and effective means to prevent the transmission of the virus. 45, 65, 102, 112, 115 Infection of rabbits with HTLV-1 parallels the asymptomatic infection of the virus in humans. Rabbits inoculated with HTLV-1infected cell lines derived from patients with ATL or HAM/ TSP demonstrated the heterogeneity in the biological response to HTLV-1 infection. 52 Cynomolgus macaques (Macaca fascicularis) and squirrel monkeys (Saimiri sciureus) can be experimentally infected with HTLV-1. The monkeys seroconvert but typically do not demonstrate any clinical signs of disease. 66, 74, 123 Rats, although able to be experimentally infected with HTLV-1, 107 exhibit considerable variation in the response to the infection depending on the rat strain used. 34, 37, 49 Wistar-King-Aptekman-Hokudai (WKAH) rats have been used as a model of HAM/TSP. This rat strain, when infected by HTLV-1, develops spastic paraparesis with degenerative thoracic spinal cord and peripheral nerve lesions several months following inoculation. 37, 49 The lesions (neurologic degeneration with a paucity of lymphocytes) are different than those observed in human HAM/TSP. 125 The use of the immunodeficient rat has allowed for some studies of ATL. 81 
Mouse Models of HTLV-1 Infection and Disease
The need for useful animal models to study the histology and tumorigenesis and to test preclinical efficacy of potential therapeutic agents led to the development of several xenograft and transgenic mouse models. When compared with other available animal models, mouse models are small and comparatively inexpensive and their genetics are easily manipulated. One caveat is that genetically normal, immunocompetent murine cells are not efficiently infected with HTLV-1 and do not develop a natural course of disease. 17, 48 Mouse xenograft models, although not an exact replica of the human course of disease, demonstrate multiple features in common with the human disease. Xenograft mouse models display multiple organ engraftments with ATL cell lines or patient samples. 13, 14, 19, 35, 46, 47, 56, 63, 91 Large atypical lymphocytes are evident histologically in the peritoneum, liver, spleen, and multiple organ types depending on the inoculum. Xenograft mouse models can also display biochemical characteristics similar to ATL patients. These include PTHrP expression and increasing levels of serum IL-2Ra and b-2 microglobulin that correspond to increasing tumor burden. Transgenic mouse lines permit testing of individual HTLV-1 genes' contribution to the pathogenesis of ATL and provide evidence of a causal relationship between genes within the HTLV-1 provirus and the development of unregulated cell growth. 94 
Xenograft Mouse Models of ATL
Transplantation of human cancer cells into immunodeficient mice has been in practice since the late 1960s. 99 Use of the xenograft enables investigators to examine human cells in a more physiological relevant context than in vitro systems allow.
The SCID mouse (CB17-Prkdc scid ), developed in 1983, 9 is commonly used as a model. This mouse contains a spontaneous nonsense mutation in the gene for the protein kinase DNAactivated catalytic polypeptide (Pkrdc) on chromosome 16. The Pkrdc enzyme is necessary for the efficient recombination of the B-and T-cell receptors. Without this enzyme, mature B and T cells do not develop. The SCID mouse retains normal macrophage, antigen presenting cell, and natural killer (NK) cell functions. SCID mice are used extensively in human stem cell and tumor cell engraftment studies. Engraftment of ATL cells and cell lines within the SCID mouse is cell line dependent. 19, 35 Studies that use ATL cells directly obtained from patients recapitulate more accurately the events of ATL. Cells that engraft and are recovered maintain the genotype and phenotype of the original inoculate. 19, 35, 47 Studies in the SCID mouse also demonstrated that the intact HTLV-1 provirus does not appear necessary for neoplastic cell growth. 36 RV-ATL cells, an HTLV-1-positive leukemic cell line derived from a patient sample, were reported to establish tumors readily, but this cell line must be propagated through mice because it does not remain viable in cell culture. 56 Whole-body irradiation or administration of antibodies to abrogate NK-cell function proved necessary to establish engraftment of nonleukemic cell lines such as SLB-1 cells. 18, 56, 118 MT-2 cells developed tumors at the site of injection in SCID mice treated with anti-asialo GM-1 antibody, which functionally inactivates NK cells. 38 Stewart et al 106 demonstrated that NK cells of the SCID mouse mediated specific lysis of HTLV-1-expressing cell lines, suggesting that the absence of HTLV-1 expression in patient derived ATL lines allows these cells to evade immune surveillance.
Further refinement of mouse models with selected genetic defects in innate immune function are needed to explore the role of specific effecter cells in tumor engraftment. This is particularly relevant because recent studies of ATL patients indicate that invariant NK T cells (iNKT) are inversely correlated to proviral loads in ATL patients. 5 The SCID/beige mouse (CB17.B6-Prkdc scid /Lyst bg ) is a double mutant mouse in which the SCID mutation is retained, but these mice have an additional beige mutation in the Lyst gene (mouse chromosome 13) that results in altered lysosomal trafficking. These mice have defective B-and T-cell function, NK cell activity, and granulocyte properties. The RV-ATL cell line was reported to engraft in approximately 75% of the SCID/beige mice, whereas transformed cells (HT-1-RV, SLB-1, MT-2, ACH, and ACH.p12) were unable to establish engraftment. 56 These results illustrate the significant difference between ATL cell lines derived from patients versus those transformed ex vivo by HTLV-1. Selection of tumor cells within patients under the pressure of the immune system likely accounts for these discrepant results. Thus, mouse models that use ATL cells directly from patients have an implied advantage to understand factors important in tumor engraftment and spread. SCID mice used in xenograft studies have been found to display ''leakiness'' (partial immune function). Leakiness allows for spontaneous rearrangement of antigen receptors and development of functional lymphocytes in aged mice. 10 To ablate this partial immune restoration, the SCID mouse was crossed onto the NOD/Lt background. NOD (nonobese diabetic) mice are a model used to study the development of autoimmunemediated insulin-dependent diabetes mellitus. The resultant NOD/SCID mice lack functional B and T cells, have low NK cell activity, lack complement activity (due to a lack of complement component 5 from the NOD/Lt background), and have impaired macrophage and antigen-presenting cell function. When compared with the SCID mouse and the SCID/bg mouse, the NOD/SCID mouse (NOD.CB17-Prkdc scid /NCrCrl) appeared to be more susceptible to engraftment with the HTLV-1-transformed cell lines. 56 Sublethal whole-body irradiation of NOD/SCID mice 1 day prior to inoculation improved engraftment and tumorigenesis and decreased time to clinical signs. Tumor engraftment was described as a lymphoblastic lymphoma with tumor development in the peritoneal cavity, spleen, and mesenteric lymph nodes. Lymphoblasts had large irregular nuclei and large prominent nucleoli. Abnormal mitotic figures were also observed. Tumor cells invaded and displaced multiple abdominal organs. 56 Inoculation of MET-1 cells into NOD/SCID mice provides a model system for slowly developing T-cell leukemia with multiple organ involvement. 113 In a comparative study by our group, leukemic mice had an increase in serum calcium levels that correlated with expression of receptor activator of nuclear factor-kB ligand (RANKL) on leukemic cells and secretion of PTHrP and IL-6. 57 MET-1 cells expressed the adhesion molecules CD11a (LFA-1a) and CD49d (VLA-4a) and produced or induced expression of matrix metalloproteinases 1, 2, 3, and 9.
Further immunodeficiency was produced with development of the NOD/SCID mouse containing a targeted mutation in the b-2 microglobulin gene, a protein necessary for the presentation of antigens via major histocompatibility class (MHC) I. These mice lack all the immune functions that their less immunodeficient NOD/SCID predecessors also lack but have more complete elimination of NK-cell function. ATL cells derived directly from patients were able to engraft in these mice. 46 This strain of mouse offers the advantage of an increased percentage of tumor engraftment and a reduced time to clinical signs compared with NOD/SCID mice. NOD/SCID g c null (NOG; NOD/Shi-scid/IL-2Rg null ) mice are homozygous for the SCID mutation and a targeted disruption of the interleukin (IL)-2Rg gene mutation. 82 The g-chain is common to the receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. NOG mice are easily transplanted with human cells that would not normally transplant with the same efficiency in the more immunocompetent mouse models. 42 NOG mice lack B-and T-cell development as well as NK-cell function and have a severe reduction in interferon-g production from dendritic cells. 42 As a result, NOG mice can be used to relatively easily transplant cells directly from ATL patients 95 and to expand peripheral blood mononuclear cells (PBMCs) from asymptomatic carriers. 108 The NOG mouse model is advantageous in studies with the goal of comparing the degree of engraftment of ATL cells and gene expression. Tumor suppressor lung cancer 1 (TSLC1) is aberrantly expressed in acute ATL cells and some cell lines. NOG mice inoculated with TSLC1 expressing ED-40515 cells formed larger tumors than their non-TLSC1-expressing counterparts. 13 Another advantage of the NOG mouse model is as a tool to study early infection in which PBMCs and lethally irradiated MT-2 cells are both inoculated in NOG mice and HTLV-1 infection in expanded PBMC populations is followed. 63 Paraneoplastic syndromes confound the clinical syndromes associated with HTLV-1 infection and some can be studied using mouse models. HHM is an important paraneoplastic syndrome that occurs frequently in ATL. It has clinical implications with regard to organ damage and chemotherapy. Mouse models of ATL that demonstrate HHM include the SCID mouse injected with human lymph node cells 109 and SCID/bg mice injected with RV-ATL cells. 97 NOD/SCID mice xenografted with ATL cells and treated with a proteasomal inhibitor (PS-341) and zoledronic or a combination of both drugs exhibited a significant reduction in tumor burden and reduced the plasma calcium concentrations illustrating new therapeutic directions against complications associated with ATL. 104 
Transgenic Mouse Models of HTLV-1
Various transgenic mouse models have compared the influence of viral and cellular promoters to evaluate the role of HTLV-1 gene products on the development of lymphocyte transformation and other lesions attributable to HTLV-1 infection ( Table 2) . None of the transgenic mouse models fully recapitulate HTLV-1-associated disease, but many have been useful to investigate Tax-mediated disruption of lymphocyte function or provide evidence that Tax is an oncoprotein.
Tax, the 40-kDa transactivating protein of HTLV-1, alters cellular gene expression and promotes cell transformation in vitro. 1, 24, 25, 93, 114 Tax is widely studied as a prototypic viral transactivating protein because it has a multitude of effects on cellular pathways controlling lymphocyte proliferation, including the NF-kB and serum response factor pathways. Through these signaling pathways, Tax can cause alteration of expression in genes involved in apoptosis, cell cycle, proliferation, and DNA repair. Tax in transgenic models is sufficient to cause oncogenesis; however, leukemia and lymphoma are rare. Serendipitously, the mouse models often recapitulate other chronic conditions associated with HTLV-1.
The first transgenic mice expressing the HTLV-1 tax gene (originally called HTLV-1 tat when mice were produced) under the control of the LTR promoter (Tg(HIV-tat)6-2Gja) developed multicentric mesenchymal tumors of the nose, ear, mouth, tail, and foot ( Table 2) . 78 These tumors were characterized by a typical spindle cell component with infiltration of granulocytes. Although this transgenic system is not appropriate for the study of ATL, it proved that the tax gene encodes an oncoprotein. The close association of the mesenchymal tumors with peripheral and cranial nerves led to their identification as neurofibromas, and it was concluded that this model may be useful in the study of neurofibromatosis, an inherited disorder of humans. 32 In addition to the mesenchymal tumors described above, these transgenic mice developed a wasting disease characterized by degeneration of oxidative muscle fibers. As such, this transgenic mouse helps us understand aspects of HTLV-1associated myopathies. 79 LTR-tax mice showed both gross and microscopic evidence of skeletal abnormalities. Bones were grossly thicker and more fragile, whereas histologically they exhibited high bone turnover characterized by increases in osteoclasts and osteoblasts. These lesions were without evidence of PTHrP expression. 98 These LTR-tax mice (no genotype reported) also developed a salivary and lacrimal exocrinopathy with lesions similar to humans suffering from Sjö gren syndrome. 26 Last, LTR-tax transgenic mice derived by injection of C3H/HeN ova were shown to have ankylosing of multiple joints 28 and to carry potential benefits as models of other human diseases such as rheumatoid arthritis. 43 Combining the LTR-tax mice with LTR-bgal (b galactosidase) mice generated a bitransgenic mouse in which the transactivator protein acts on the LTR to increase expression of bgal. The enzyme was detected in bone, muscle, cartilage, exocrine glands, and mesenchymal tumors. 7 This further supported the notion that the tax transgene was active in multiple tissues that developed lesions in this mouse model. Leukemia and lymphoma have been reported in tax transgenic mice in which the transgene expression was restricted to the thymus by the Lck promoter (C57BL/6-Tg(Lck-HTLV-1 Tax). 31 This thymus-derived, pre-T-cell tumor was associated with constitutive NF-kB activation. This model verified that Tax expression alone is sufficient to cause leukemia and lymphoma. The development of the tax transgenic mouse (C57BL/ 6TgN(huGMZBTax) under the control of the granzyme B promoter restricted expression of Tax to CD4 þ , CD8 þ , NK cells, and lymphokine-activated killer cells. 27 These mice exhibit a large granular lymphocytic leukemia and neutrophilicdominated inflammation at sites of trauma admixed with LGL leukemic cells. These mice also developed splenomegaly, lymphadenopathy, and masses on the ears, legs, and tail. 27 Similar to ATL, these mice had humoral hypercalcemia of malignancy and osteolytic bone lesions associated with metastasis. 21 When these mice are crossed with an interferon-g knockout strain, there is enhanced rate of lesion development. 61 This model is advantageous in studies seeking to test the role of inflammation in tumor development. Recent refinement of this model evaluated Tax-mediated activation of luciferase in LTR-luciferase (LTR-LUC) mice (C57BL/6TgN(LtrLuc)) for imaging tumor engraftment in vivo. 96 In this model it was recently reported that microscopic intraepithelial lesions precede the onset of peripheral subcutaneous tumors and that Tax is sufficient for inducing tumors. These results suggest that the viral oncoprotein activates lymphocytes to cause NK/T-cell recruitment, activation, and subsequent transformation.
Several attempts have been made to more specifically target Tax expression to leukocytes. Bitransgenic doxycyclineinducible mice (Tg(EmuSR-tTa)83Bop) were generated to specifically control expression of wild-type or selected tax mutants in the lymphocyte compartment. 50 Using these transgenic model, tax gene mutants in which the ability to activate NF-kB was maintained developed a fatal dermatologic disease characterized by infiltration of Tax-positive T cells into the dermis and epidermis. Addition of doxycycline (suppression of Tax expression) resulted in the resolution of lesions. Although suggestive of cutaneous lymphoma observed in some ATL patients, the infiltrates in the skin were oligoclonal or polyclonal and not monoclonal as in ATL. 50 Several transgenic C57/CBA mouse strains were generated with tax under the regulatory control of CD-3e promoter enhancer sequence designed to target expression to leukocytes. These mice developed mesenchymal tumors at wound sites and mammary and salivary adenomas. 29 
Treatment of Adult T-cell Leukemia
A distinct advantage of mouse models of HTLV-1 ATL is the ability to use mice to test the preclinical efficacy of therapeutics against a highly aggressive T-cell lymphoma. This tool provides insight to clinicians before the development of phase I clinical trials. Xenograft mouse models have been used to test conventional and targeted therapeutics as well as monoclonal antibodies ( Table 3 ).
The finding that NF-kB is constitutively active in ATL led to several models to investigate the outcome of therapy that uses the blockade of NF-kB through multiple different mechanisms. These have proven especially promising in reducing tumor size of subcutaneous xenografts. In vivo preclinical efficacy has been studied with arsenic trioxide, 76 proteasome inhibitors, 101 all-trans retinoic acid (ATRA), 77 curcumin, 117 and ritonovir. 15 The proteasome inhibitor PS-341 has been the focus of several studies because it has been efficacious against other cancers and promotes the degradation NF-kB leading to apoptosis in human ATL-derived and Tax transgenic mouse cells. 92 An inhibitor of NF-kB DNAbinding activity, BAY 11-7082, was also shown to block NF-kB activity and resulted in tumor regression in ATL transplanted NOG mice.
The expression of markers on the cell surface of ATL cells implanted in mice has made them an excellent target for preclinical trials with monoclonal antibodies directed against IL-2Ra, 91, 127 CD52, 128, 129 and CD2. 129 The outcome of these mouse studies may be predictive of successful therapy for human patients, because a complete response has been reported in an ATL patient treated with alemtuzumab (anti-CD52). 67 Treatment of ATL-bearing mice with a humanized anti-CD2 monoclonal antibody led to tumor regression. 129 The activity of the monoclonal antibody was most likely due to antibodydependent cellular cytotoxicity, because expression of Fcg receptors on neutrophils and monocytes was required for activity.
Treatment of ATL-bearing NOD-SCID mice with an a-emitting radionuclide, bismuth 213, conjugated to an antibody to the IL-2 receptor proved to be highly effective in inducing tumor regression. 126 The activity of bismuth 213 in this model was greater than that of unconjugate antibody or radionuclide or antibody conjugate to b-emitting radionuclide yttrium 90. Flavopiridol, an inhibitor of cyclin-dependent kinases, was tested for its therapeutic efficacy alone and in combination with humanized anti-Tac antibody, which recognizes CD25, in a murine model of human ATL using MET-1 leukemic cells. 127 Either flavopiridol or humanized anti-Tac antibody inhibited tumor growth and prolonged survival of the leukemia-bearing mice. 127 Collectively, these studies provide hope that ATL transplant and Tax transgenic models will provide new directions in the development of effective therapies against HTLV-1-induced lymphoproliferative diseases including ATL.
Summary
ATL is a refractory CD4/CD25 þ CD8-T-cell malignancy caused by HTLV-1. 116 Despite advances in the understanding of the pathogenesis of HTLV-1-associated diseases and the development of new therapeutic agents, the prognosis for patients with ATL remains poor. 41, 68, 83, 124 ATL is classified into 4 primary clinical subtypes, the 2 most aggressive of which are the acute and the lymphomatous forms. 59 These forms are associated with HHM, bone lysis, lymphadenopathy, and visceral and skin involvement. The lymphomatous form typically is associated with a normal peripheral blood leukocyte cell count, whereas in the acute form, ATL cells are found in high numbers in the peripheral blood. The more indolent clinical subtypes are the smoldering and chronic forms. Models of ATL are limited, in part, by incomplete knowledge of mechanism of carcinogenesis induced by HTLV-1 infection. Recent progress from studies of viral-induced cell dysregulation offers new potential targets for therapeutic intervention.
The number of available mouse models of ATL is limited, in part, by the lack of ATL cell lines obtained directly from patients. The use of ATL cells directly from patients, such as the MET-1 cell model in NOD/SCID mice, has provided useful models to study specific questions related to tumor engraftment in vivo. A distinct advantage of this type of animal model is the use of a specific human biomarker to noninvasively measure tumor burden. Unfortunately, the MET-1 cell line, like many ATL-derived cell lines, does not grow in vitro, so compounds cannot be tested in this cell line prior to administration in the mouse. An ideal mouse model would be one in which compounds can be tested in vitro to investigate mechanisms of action prior to the use of the same cell line in the immunodeficient mouse. Generation of new mouse models of ATL can be difficult and is dependent on procuring leukemic cells from infected patients and systematically inoculating them into immunodeficient mice. The development of the NOG mice has provided a tractable model to more efficient transplant cells directly from ATL patients and creates more ATL cell lines more closely resembling the neoplasm in humans. Immunodeficient mouse models, although providing the ability to perform preclinical testing of therapeutic agents, do not effectively model therapy in context to ATL patients who have functional immune systems. Considering the recent focus on the innate immune system in HTLV-1 viral spread and ATL development, future models should be directed at mouse models with selected genetic defects in innate immune function to test the role of specific effecter cells, such as invariant NK T cells, in tumor engraftment. Transgenic mouse models, although unraveling the role of the HTLV-1 Tax oncoprotein, will need to be refined to test other potential oncogenic HTLV-1 proteins, such as HBZ, 58 and need to be designed to be more specific in targeting viral protein expression in CD4 þ lymphocytes or their precursor cells in bone marrow and gut-associated lymphoid tissues.
Collectively, recent advances in the development of mouse models of HTLV-1 ATL have extended opportunities to use mice to test the preclinical efficacy of drugs and targeted therapies against this highly aggressive T-cell lymphoma. Continued progress in understanding the multiple genetic and cellular aberrations that occur during the progression of HTLV-1 ATL will provide new therapeutic targets for drug development. Translating knowledge from the laboratory bench to appropriate animal models and subsequently to ATL patients provides hope for the development of targeted and efficacious treatments against this highly refractory T-cell neoplasm.
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